To identify downstream components of abscisic acid (ABA) pathways involved in dormancy regulation, we compared gene expression after exposure to short days (SDs) in apices of wild-type (WT) hybrid aspen plants and abi1-1 plants [7, 8] .
In Brief
Singh et al. have identified SHORT VEGETATIVE PHASE ortholog SVL as a key component in ABA-mediated photoperiodic control of bud dormancy. They show that SVL simultaneously suppresses the growth-promotive GA pathway and induces the expression of CALLOSE SYNTHASE 1 (CALS1), which mediates plasmodesmatal closure to promote dormancy.
Perennials in boreal and temperate ecosystems display seasonally synchronized growth. In many tree species, prior to the advent of winter, exposure to photoperiods shorter than a critical threshold for growth (short days; SDs) induces growth cessation, culminating in the formation of an apical bud that encloses the shoot apical meristem and arrested leaf primordia [1] [2] [3] [4] . Following growth cessation, subsequent exposure to SDs induces transition to dormancy in the shoot apex [5] . Establishment of dormancy is crucial for winter survival and is characterized by the inability of the shoot meristem to respond to growth-promotive signals [6] . Recently, SDs were shown to induce bud dormancy by activating the abscisic acid (ABA) pathway. ABA upregulates expression of CALLOSE SYNTHASE 1 (CALS1) and suppresses glucanases that break down callose to induce the blockage of intracellular conduits (plasmodesmata; PDs) with callosic plugs called ''dormancy sphincters'' that by restricting access to growth-promotive signals promote dormancy [7] . However, components downstream of ABA in dormancy regulation remain largely unknown, and thus there are significant gaps in our understanding of photoperiodic control of bud dormancy. Here we demonstrate that SVL, orthologous to Arabidopsis floral repressor SHORT VEGETATIVE PHASE (SVP), is a mediator of photoperiodic control of dormancy downstream of the ABA pathway in hybrid aspen. SVL downregulation impairs dormancy, whereas SVL overexpression suppresses dormancy defects resulting from ABA insensitivity. Downstream, SVL induces callose synthase expression and negatively regulates the gibberellic acid (GA) pathway to promote dormancy, thus revealing the regulatory module mediating photoperiodic control of dormancy by ABA.
RESULTS AND DISCUSSION
To identify downstream components of abscisic acid (ABA) pathways involved in dormancy regulation, we compared gene expression after exposure to short days (SDs) in apices of wild-type (WT) hybrid aspen plants and abi1-1 plants [7, 8] . The hybrid aspen abi1-1 plants have reduced response to ABA, as they express the cDNA for Arabidopsis dominant-negative abi1-1 allele and are defective in dormancy regulation in response to SDs [7, 8] . Gene expression analysis indicated that SVL (SVP-LIKE), a hybrid aspen ortholog of SHORT VEGETATIVE PHASE (SVP), a floral repressor in Arabidopsis thaliana and related to DORMANCY ASSOCIATED MADS (DAM) genes from various tree species [9, 10] , was induced by SDs in apices, correlating with the transition to bud dormancy ( Figure 1A) . Importantly, SDs failed to induce SVL expression in abi1-1 apices, in contrast with the wild-type ( Figure 1B ). These findings indicate that ABA mediates SD induction of SVL expression during bud dormancy.
ABA promotes dormancy by suppressing expression of PICKLE (PKL), a chromodomain protein [7] , and defects in dormancy regulation resulting from ABA insensitivity can be suppressed by downregulating PKL expression in abi1-1 plants. Hence, we investigated whether ABA mediates SVL induction by suppressing PKL after SDs. SVL expression was weaker in abi1-1 apices after 10 weeks of SDs than in wild-type plants, whereas downregulation of PKL in abi1-1 plants (PKLRNAi/ abi1-1) resulted in restoration of SVL expression to almost wild-type levels after SDs ( Figure 1B) . Thus, SD-mediated induction of SVL in the apex is dependent on ABA and requires suppression of PKL.
The correlation of SVL expression with bud dormancy and attenuation of SVL expression in abi1-1 plants prompted us to investigate SVL's role in photoperiodic control of bud dormancy. We addressed this by investigating bud dormancy in SVLRNAi hybrid aspen plants [10] with reduced SVL expression. Both wild-type and SVLRNAi plants were exposed to 10 weeks of SDs and responded by termination of growth and bud formation. However, following subsequent exposure to long days (LDs) without chilling, buds of wild-type plants maintained growth arrest, indicating the establishment of bud dormancy (0% growth reactivation; n = 10) ( Figure 1C ), whereas buds of SVLRNAi plants resumed growth (100% reactivation; n = 10), indicating a defect in dormancy regulation. Thus, these results indicate that SVL mediates photoperiodic control of bud dormancy.
ABA mediates photoperiodic control of SVL expression, and SVLRNAi plants phenocopy abi1-1 plants [7] . Therefore, we tested the hypothesis that defects in dormancy regulation in abi1-1 plants are due to reduction in SVL expression by overexpressing SVL in abi1-1 plants ( Figure S1 ). Whereas abi1-1 buds restarted growth (100% reactivation; n = 10), buds of the resulting SVL-overexpressing (SVLoe)/abi1-1 plants maintained growth arrest (0% growth reactivation; n = 10) after exposure to LDs following 10 weeks of SDs. Thus, enhancing SVL expression in abi1-1 plants can suppress defects in dormancy regulation evident in the parental abi1-1 plants (Figure 2A) .
We next identified the downstream targets of SVL to understand how it mediates in dormancy. Transition to dormancy by SDs involves the induction plasmodesmatal closure by callosic dormancy sphincters and downregulation of the gibberellic acid (GA) pathway [7, 10] . Because SVL acts downstream of ABA, we hypothesized that SVL could mediate in dormancy by transcriptional regulation of genes involved in plasmodesmatal closure and GA metabolism that are implicated in dormancy and whose regulation is altered in dormancy-defective abi1-1 plants after SDs [7] . Therefore, we investigated the expression of CALLOSE SYNTHASE 1 (CALS1), involved in plasmodesmatal closure via callose deposition, and those in the GA pathway, GA20 oxidase, a key enzyme in GA biosynthesis, and GA2 oxidase, that promotes GA catabolism, in SVL transgenics. Gene expression analysis indicated that CALS1 and GA2 oxidase 8 were downregulated in SVLRNAi ( Figure 2B ), whereas their (B) SVL expression is altered in ABA-insensitive (abi1-1) lines that also have dormancy establishment defects [7] . SVL suppression in abi1-1 lines is reversed by PKL downregulation in abi1-1 (PKLRNAi/abi1-1) plants. Relative transcript levels of SVL in wild-type, abi1-1, and PKLRNAi/abi1-1 lines before (0WSD) and after (10WSD) 10 weeks of SDs. Expression of the cited genes is shown relative to the reference gene UBQ, with 0W wild-type set to 1. Individual values (dots) and means (bars) with horizontal lines as SEM of three independent biological replicates are shown. Different letters (a-c) over the bars indicate significant differences at p < 0.05. Statistical analysis is done using one-way ANOVA implying Tukey's multiple comparison test. (C) Apical buds of wild-type plants and SVLRNAi lines 2 and 10 after 10 weeks of SDs (upper panels). Unlike in wild-type plants, buds burst in SVLRNAi lines 2 and 10 after exposure to LDs without chilling (lower panels).
expression was upregulated in SVLoe plants compared to wild-type ( Figure 2C ). Contrastingly, the expression of GA biosynthesis-related genes GA20 oxidase 1 and 2 was upregulated in SVLRNAi apices ( Figure S2A ) and downregulated in SVLoe plants compared to wild-type after 10 weeks of SDs ( Figure S2B ). Thus, the defects in transcriptional regulation of CALS1 and the GA pathway after SDs in SVLRNAi phenocopy those in abi1-1 plants. We then investigated whether SVL can bind to the promoter of the CALS1 and GA pathway genes. Chromatin immunoprecipitation (ChIP)-qRT-PCR experiments using DNA from shoot apices of transgenic hybrid aspen plants expressing Myc-tagged SVL (Myc-SVL) and wild-type control showed that SVL can directly bind at the CArG motif present in the CALS1 and GA2 oxidase 8 promoter ( Figure 2D ), whereas no significant binding was observed with the GA20 oxidase 1 and 2 promoters (data not shown). These results indicate that SVL mediates in transcriptional regulation of key components involved in photoperiodic dormancy regulation by ABA.
We then took a genetic approach to examine the role of GA in ABA-and SVL-mediated control of bud dormancy. We overexpressed a GA2 oxidase (whose levels are reduced in abi1-1 and SVLRNAi plants) in SVLRNAi and abi1-1 plants and investigated bud dormancy in the resulting GA2oxoe/SVLRNAi and GA2oxoe/abi1-1 plants ( Figure S3 ). The buds in parental SVLRNAi and abi1-1 plants showed dormancy defects, restarting growth after exposure to LDs following 10 weeks of SDs without chilling (100% growth reactivation; n = 10) (Figure 3 ). In contrast, GA2oxoe/SVLRNAi and GA2oxoe/abi1-1 buds were dormant, because they maintained growth arrest during this treatment (0% reactivation of growth; n = 10) (Figure 3 ), suggesting the GA pathway as a downstream target of SDs in dormancy regulation. In summary, bud dormancy in hybrid aspen, which is known to be regulated by ABA, is mediated by activation of SVL after SDs. ABA induces SVL expression after SDs and SVL promotes dormancy downstream of ABA by transcriptionally regulating the expression of genes, e.g., CALS1, that mediate in plasmodesmatal closure and those of GA metabolism. By suppressing expression of GA biosynthesis genes and inducing expression of a GA2 oxidase gene, SVL induction can ensure that the levels of active GA, a potent growth promoter [11, 12] , cannot be enhanced after SDs, thereby lowering the potential for reactivation of growth in the buds and promoting dormancy (Figure 4) .
Establishment of bud dormancy is a key developmental adaptation that enables perennials to survive harsh winter conditions. ABA mediates photoperiodic control of bud dormancy [7] , and thus is an evolutionarily conserved dormancy regulator in seeds and apical buds [13] . Although extensive analysis of mutants of the model plant Arabidopsis has uncovered the genetic network underlying ABA-mediated control of seed dormancy [14, 15] , corresponding networks in buds remain poorly characterized. Thus, our understanding of ABA's action in photoperiodic control of bud dormancy remained incomplete. Here we identified a tree ortholog of Arabidopsis floral repressor SVP as a target of ABA in photoperiodic control of bud dormancy. Induction of SVL expression in response to SDs is ABA dependent and associated with bud dormancy. Moreover, genetic evidence clearly shows that SVL plays a key role in transcriptional control of bud dormancy by photoperiodic signals downstream of ABA.
SVL is a member of a subgroup of MADS-box transcription factors of which SVP, in Arabidopsis, was best characterized as a repressor in temperature-mediated control of floral transition [10, [16] [17] [18] . In trees, much less was known about the function of SVP-like genes. However, recently SVL, and DAM genes in peach and other tree species (that are also closely related to SVP) [10, [19] [20] [21] [22] [23] [24] [25] , were shown to function in temperature-mediated control of bud break. Bud break occurs only after dormancy is released by exposure to low temperature [26] and, interestingly, low temperature represses the expression of SVL and certain DAM gene [10, 27] . Moreover, genetic data showed that SVL and DAM genes act as negative regulators of bud break [10, 20, 21, 27] . Our data demonstrating SVL as a promoter of dormancy thus serve to clarify the role of low temperature in dormancy release and in inducing transition to bud break by suppressing SVL expression. Thus, the antagonistic regulation of SVL by photoperiodic and temperature signals can control the switch to dormancy and its subsequent release to facilitate bud break.
Our results suggest an interesting regulatory parallel between bud dormancy and floral transition, because the SVL ortholog of SVP suppresses floral transition in Arabidopsis also by suppressing GA pathways [28] . Thus, negative regulation of GA by SVP and its orthologs has been conserved in trees and Arabidopsis. However, in trees, SVL is positively regulated by ABA, whereas SVP regulation by ABA in Arabidopsis has not been reported so far. Thus, the action of SVL downstream of ABA appears to have enabled negative regulation of GA to be employed for dormancy regulation in buds in trees and flowering in Arabidopsis in response to environmental cues such as photoperiod. This is a striking example of evolutionary strategy based on using a conserved signaling module in the regulation of distinct developmental transitions.
We previously showed that dormancy regulation involves blockage of cell-cell communication via plasmodesmata [7] . Here we reveal that SDs acting through ABA activate SVL, a transcriptional factor negatively regulating growth-promotive GA pathways. Thus, SDs by inducing plasmodesmatal closure restrict the movement of growth-promotive signals in the apex, and this mechanism is complemented by SVL-mediated suppression of the growth-promotive GA pathway, lowering the potential for reactivation of growth and providing robustness to dormancy regulation. In summary, our results provide mechanistic insight into photoperiodic control of bud dormancy and reveal a new function for a tree ortholog of the Arabidopsis floral repressor SVL in bud dormancy regulation.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: SDs induce growth cessation and increase levels of ABA. Upon exposure to SDs, ABA suppresses PKL to induce SVL expression. SVL induces CALS1 expression and represses GA metabolism to ensure that GA levels cannot be upregulated nor reach shoot apical meristem (SAM) after SDs, thereby suppressing a key requirement for reinitiation of growth, and thus promoting dormancy.
Sweden; and the Swedish Governmental Agency for Innovation Systems

STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rishikesh P Bhalerao (rishi.bhalerao@slu.se).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Hybrid aspen (Populus tremula x tremuloides) clone T89 was used as experimental model.
METHOD DETAILS
Plant material and growth conditions Hybrid aspen (Populus tremula x tremuloides) clone T89 (wild-type) and the transgenic plants were cultivated in half-strength MS medium (Duchefa) under sterile conditions for 5 weeks then transferred to soil and grown for another 4 weeks in the greenhouse (16 hr light, 22 C and 66% relative humidity). For dormancy tests, plants were grown in growth chambers, initially under LD conditions (16 hr, 20 C light/8 hr, 15 C dark cycles) for one week for acclimatization and subsequently under SD conditions (8 hr, 20 C light/16 hr, 15 C dark cycles) for 10 weeks. Following SD treatment, plants were exposed to LD conditions again, and bud burst was monitored for at least 8 weeks to assess establishment of bud dormancy [7] . 10 plants from wild-type and each transgenic lines were tested for dormancy. Percentage of plants restarting growth was calculated using number of plants started/ total no. of plants multiplied by 100. Samples of apices were taken for expression analysis before exposing plants to SDs (at 0 weeks, 0W) and after plants had ceased growth and developed dormancy, i.e., after 10 weeks of SDs (10WSD). REAGENT 
Generation of plasmid constructs and plant transformation
The transgenic hybrid aspen plants overexpressing (SVLoe) and with reduced SVL expression (SVLRNAi) have been described before [10] . Briefly, full length cDNA for SVL was amplified using primers described in Table S1 and cloned into vector pK2GW7 for transformation of hybrid aspen clone T89 to generate SVL overexpressers. A 156 bp fragment of SVL cDNA was amplified using primers described in Table S1 and cloned into pK7GWIWG2 (I) vector and used for downregulation of SVL (SVLRNAi). For overexpression of GA2 oxidase, full length cDNAs were amplified using primers listed in Table S1 and cloned in plant expression gateway vector pH2GW7. The generated plant transformation vectors were subsequently transformed into Agrobacterium strain GV3101pmp90RK and used for transformation of SVLRNAi and abi1-1 plants, as previously described [10, 29] to generate SVLoe/abi1-1, GA2oxoe/SVLRNAi and GA2oxoe/abi1-1 lines, respectively. A MYC tag was introduced in forward primer used to amplify full length SVL cDNA and cloned into pK2GW7 vector to obtain Myc-SVL fusion construct. Methods and details for abi1-1 and PKLRNAi/abi1-1 is mentioned previously [7] .
RNA isolation and quantitative real-time PCR (qRT-PCR) analysis Total RNA was extracted using a Sigma Spectrum Total Plant RNA isolation kit from samples of tissues taken at the same time of day. Portions (10 mg) of total RNA were treated with RNase-Free DNase (QIAGEN) and cleaned using an RNeasy Mini Kit (QIAGEN). One mg of the RNA from each sample was used to generate cDNA using an iScript cDNA synthesis kit (BioRad). Selected (UBQ-like) reference genes were validated using GeNorm Software. qRT-PCR analyses were carried out with a Roche LightCycler 480 II instrument and relative expression values were calculated using the D-ct-method, as previously described [30] . A complete list of primers used in qRT-PCR analysis is presented in Table S1 .
Chromatin Immunoprecipitation (ChIP) Assays
The ChIP assays were carried out as previously described by [31] and [32] with some modifications [10] . Briefly, apex from actively growing hybrid aspen wild-type and Myc-SVL plants were harvested and cross-linked using 1% formaldehyde. 1gm of sample were ground into fine powder in precooled nuclei isolation buffer and then filtered through two layers of Miracloth. The homogenized, filtered mixtures were then centrifuged and the pellets obtained were re-suspended in nuclei lysis buffer. Chromatin was sheared to about 0.3-0.5 kb fragments by sonication (Bioruptor UCD-300, Diagenode). After sonication, the samples were centrifuged again to remove cell debris and each supernatant was transferred to a new tube (after retaining 10% of each sonicated sample used as Input DNA control in the Q-PCR analyses. After centrifugation, the supernatant was precleared with 40 mL protein A-magnetic beads for 60 min at 4 C with gentle agitation and shaking. Fifteen microgram of anti-MYC monoclonal antibody (Abcam, Cambridge, UK, Cat no. ab32; GR255064) was added to each supernatant and the resulting mixtures were further incubated overnight at 4 C. Protein A-magnetic beads (Dynabeads, Invitrogen) were then added again and incubation was continued for 2 hr. The magnetic beads were washed two times each with low salt buffer, high salt buffer, LiCl buffer and TE buffer. The immunocomplexes were collected from beads with 250 mL of elution buffer and incubated at 65 C for 20 min with agitation. 0.3 M NaCl was added to each tube (and Input DNA control) and cross-linking was reversed by incubation at 65 C overnight. Residual protein was degraded by incubation with 20 mg of Proteinase K in 10 mM EDTA and 40 mM Tris-HCl, pH 8.0, at 45 C for 1 hr. After proteinase treatment precipitated DNA was purified using a ChIP DNA clean and concentrator kit according to the manufacturer's protocol (Zymo Research Corp.). Both immunoprecipitated DNA and input DNA were analyzed by real-time PCR (Light Cycler; Roche Applied Science) using primers for GA2 oxidase and CALS1 listed in Table S1 . Promoter fragment amplified using (F1-R1) pair of primers contains CArG motif and was used to assess DNA-protein interactions in ChIP assays, and fragment amplified from primer pair (F2-R2) with no CArG motif was used as negative controls in the assays.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed in Graphpad Prism 7. Statistical significance was tested using the standard t test. The sample sizes and p values are reported in the figure legends.
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